. 2. The specific activity of the enzyme in rat liver microsomal preparations is of the order of 1 nmol of oxidized glutathione formed/min per mg of membrane protein. 3 . The specffic activity of the enzyme is comparable in rough and smooth microsomal fractions, and the activity is not affected by treatment with EDTA and the removal of ribosomes from rough microsomal fractions. 4. Membrane-bound glutathione-insulin transhydrogenase is not affected by concentrations of deoxycholate up to 0.5 %, whereas protein disulphide-isomerase (EC 5.3.4 .1) is drastically inhibited. 5. On these grounds it is concluded that, in rat liver microsomal fractions, glutathione-insulin transhydrogenase and protein disulphide-isomerase activities are not both catalysed by a single enzyme species.
Enzymes catalysing oxidoreductions between thiols and disulphides have been identified from many sources (Racker, 1955; Narahara & Williams, 1959; Eriksson et at., 1974; Kurane & Minoda, 1975) . The earliest to be recognized were specific for lowmolecular-weight thiols and disulphides (Racker, 1955 ) and several such activities with different specificities have been recognized in rat liver supernatants (Eriksson et al., 1974) .
The number, specificity and subcellular location of thiol-disulphide oxidoreductases involving protein disulphides have not been established with certainty. These enzymes are probably involved in disulphide-bond formation and scission in protein biosynthesis and degradation (Thomas, 1973; Della Corte &Parkhouse, 1973) , but no unambiguous physiological role has yet been established. Glutathione-insulin transhydrogenase (EC 1.8.4.2, thiolprotein disulphide oxidoreductase) has been purified from several sources and studied in detail (Ansorge et al., 1973; Varandani, 1973a Varandani, ,b, 1974 Chandler & Varandani, 1975a,b; Varandani et al., 1975) . Another interesting activity that should perhaps be classed as a thiol-protein disulphide oxidoreductase is the thiol-dependent protein disulphide-isomerase (EC 5.3.4 .1), shown by Anfinsen, Straub and their colleagues to be capable of re-activating inactive 'wrongly' disulphide-linked ribonuclease (Goldberger et al., 1963; Venetianer & Straub, 1963; Steiner et at., 1965; Givol et al., 1965; De Lorenzo et al., Vol. 159 1966) . For some time there has been debate as to whether this isomerase and GSH*-insulin transhydrogenase are distinct enzymes or different activities of a single enzyme (Tomizawa & Varandani, 1965; Katzen & Tietze, 1966; Varandani, 1973a Varandani, , 1974 .
This debate has not been resolved because it has been based mainly on comparisons of properties of purified preparations of protein disulphideisomerase and GSH-insulin transhydrogenase from several tissues and species. The purified enzymes are clearly similar. They involve active-site thiols and act by promoting thiol/disulphide exchange (Varandani, 1973a) . Purified ox liver GSH-insulin transhydrogenase activates reduced ribonuclease, but in general the GSH-insulin transhydrogenases do not show all the catalytic properties of ox liver protein disulphide-isomerase (Varandani, 1973a) . Because different sources have been used, the differences in molecular weight (Varandani, 1973a) and in amino acid composition (Varandani, 1974) between the purified enzymes may not be conclusive.
Since both activities have been shown to be present in the microsomal fraction (Goldberger et al., 1963; Varandani, 1973a) , we have approached this problem by studying the properties of the membrane-bound enzymes. Three methods for assay A. L. IBBETSON AND R. 13. FREIEDMAN of GSH-insulin transhydrogenae have been described; the two that have been used for the study of the membrane-bound activity are far from direct. One involves the conversion of labelled insulin into fragments soluble in trichloroacetic acid [and hence is affected by the presence ofundefined proteinases (Ansorge et al., 1973; Varandani, 1973a) ]; the other follows the disappearance of insulin imntunoreactivity. Neither can be regarded as following a welldefined chemical reaction. The third assay method involves detecting the formation of GSSO in the GSH-insulin transhydrogenation by coupling with NADPH and glutathione reductase (EC 1.6.4.2, NADPH-glutathlione oxidoreductase) (Katzen & Tietze, 1966) . This assay has been restricted to the study of purified enzyme preparations because of the turbidity of fembrane preparations and interference from other NADPH-oxidizing processes in microsomal fractions (Varandani, 1973a) . However, in a recent comparison of the three assay techniques-(by using purified pancreatic GSH-insulin transhydrogenase), Chandler & Varandani (1975b) showed that only the NADPH-coupled assay detected the transhydrogenation between GSH and each of the three disulphlde bonds of insulin.
We (Blyth et al., 1971; Hawkins & Freedman, 1973) .
Protein concentrations were determined by the method of Lowry et a!. (1951) , with bovine serum albumin as standard; the volumes taken were sufficiently sall that no interference from the Tris was detectable. The content of ribosomes in microsomal preparations was estimated from the RNA/protein ratio (Williams et al., 1968) . RNA was determined by the method ofSchmidt &Thannhauser (1945), as modified by Blobel & Potter (1968) using the extinction data of Munro & Fleck (1966 (Hawkins & Freedman, 1973 Enzyme assays Studies on the rate of endogenous NADPH oxidation by microsomal preparations were performed by using 0.25M-sucrose/TKM buffer, 0.1mg of smooth microsomal fraction/ml and 0.1 mm-NADPH and following the oxidation of NADPH spectrophotometrically in the presence and absence of inhibitors.
Glutathione-insulin transhydrogenase activity was measured spectrophotometrically by a modification ofthe linked assay method of Katzen & Tietze (1966 ), 1976 in which GSSG produced by the transhydrogenation reaction is reduced by NADPH and glutathione reductase. If this assay is performed by using microsomal preparations rather than partially purified glutathione-insulin transhydrogenase, i.e. by using an assay mixture comprising microsomal sample, GSH, insulin, glutathione reductase and NADPH, then a number of processes contribute to the observed oxidation of NADPH. These are (a) direct air oxidation of NADPH catalysed by the mixed-function oxidase present in microsomal preparations, (b) oxidation of NADPH by GSSG formed by the air oxidation of GSH, (c) oxidation of NADPH by GSSG formed by enzyme-catalysed glutathione-insulin transhydrogenation, and (d) oxidation of NADPH by GSSG formed by non-enzymic transhydrogenation. Direct spectrophotometric assay of microsomal transhydrogenase therefore requires the use of inhibitors to decrease the rate of process (a), and also requires correction for various background rates.
The progress of NADPH oxidation in the linked transhydrogenase assay was followed by monitoring NADPH absorbance or fluorescence. The assay mixture contained 0.125mM-NADPH, 1.0mm-GSH, 0.12mM-insulin, 0.5unit of glutathione reductase activity (1 unit catalysed the reduction of 1 pmol of GSSG/itA) and up to 0.5mg of membrane protein.
Glutathione reductase was added either as a suspension in 3.6M-(NH4)2SO4 or after dialysis against 0,25M 9LUcrose/TKM buffer; to differences were observed. Insulin was made up as a 0.6mM solution in 50mM-Tris/HCI, pH7.5, containing 0.25 M-sucrose and 5M-EDTA. All other components were made up in 0.25M-sucrose/TKM buffer so that the final assay mixture was in 5OmmTris/1Cl containing 0.25M-sucrose, 20nmM-KCI, 4mM-MgCI2, 1 mM-EDTA. In some cases, 9mM-(NH4)2SO4 was also present when glutathione reductase was used without prior dialysis. Buffers for all solutions were gassed with CO for 15mnin before use.
Spectrophotometric assays were performed with a Perkin-Elmer 356 dual-wavelength spectrophotometer. The instrument was set at 340nm with a 2nm bandwidth and was operated in the split-beam mode on range 0.1 absorbance unit; 1 ml of assay mixture was examnined in cmn-path-length cells of 1.5 ml capacity. The sanple cuvette contained all five components enumerated above, but insulin was omnitted from the reference cuvette. The reaction was started by the addition of NADPH to both cuvettes. The difference in NADPH oxidation between the two cuvettes was therefore a rneasure of glutathioneinsulin transhydrogenation. The non-enzymic rate of transhydrogenation was very low; it was estimated by onitting microsotnal membranes from both sample and reference cuvettes, and the enzymic GSH-insulin transhydrogenase activity could then Vol. 159 be deduced by difference. Alternatively the assay was carried out at two or more concentrations of MICrosomal membranes and the non-enzymic component was estimated by extrapolation to zero membrane concentration. Reactions were followed for 30min. There was usually a lag phase, but rate of reaction was measured for the period fromi 15-K30min after mixing, during which time it was constant. Assays were normally perforned in duplicate; 1 unit of enzyme activity is defined as the amount catalysing the formation of 1 pmol of GSSG/miin.
Fluorimetric assays were performed on a HitachiPerkin-Elter MPF3 spetofluorimeter. The instrument was operated in the ratio mode, with excitation wavelength 350nm, emission wavelength 460nm and by using slits with 12nm bandpass in both excitation and emission beams. Four cuvettes were set up: (i) contained GSH, NADPH and glutathione reductase; (ii) contained the previous components plus insulin; (iii) contained the first three components plus microsomal sample; and (iv) contained all five components. Concentrations were as for the spectrophotometric assays; 2.55 ml volumes were used. The rate of oxidation of NADPH in each of these cuvettes (i, f iii, iv) was measured over a period of 20-30min. The MPF 3 spectrofluorimeter has a four-position cuvette turret, so that all four cuvettes can be monitored through a single 20-30min period. The enzymic transhydrogenase activity is given by For both spectrophotometric and spectrofluorimetric assays, cuvettes were in water-jacketed blocks maintained at 250 or at 30°C.
Protein disulphide-isomerase was assayed by the method of R. Cottrell & B. R. Rabin (R. Cottrell, personal communication); enzymne-catalysed reactivation of randomly reoxidized ribonuclease was monitored by dual-wavelength spectrophotometric asay of ribonuclease, with highly polymerized RNA as substrate. A sample of microsomal nmembranes was incubated with 50,ug of inactive randomly reoxidized ribonuclease in the presence of 10,pMdithiothreitol at 30°C; the components were diluted to a total volume of I.OmI with 50mM-Tris/HCI, pH7.5, containing 0.25 M-sucrose, 25mM-KCl and 5mM-MgCI2. Samples (lO,ul) were withdrawn for ribonuclease assay at 4min intervals for up to 30min. The ribonuclease assay mixture contained 250pg of RNA in 3 ml of the same buffer, and was incubated at 250C. Ribonuclease activity was determined by following the change in E260 relative to the E280 by using the dual-wavelength mode of the PerkinElmer 356 spectrophotometer with a bandwidth of 2.5nm. Ribonuclease activities were estimated from the linear change over the first 2-3min; a plot ofribonuclease activity versus time ofwithdrawal gave a linear time-course for 30min, from which protein disulphide4isomerase activity was obtained. (Zetterqvist, 1965) .
It was then washed in buffer before being dehydrated in 60% (v/v) ethanol and left overnight. Dehydration was then continued in ethanol, and pellets were kept in ethanol for at least 2h with three changes of solvent. They were then placed in 1,2-epoxypropane for 1 h, infiltrated with Mollenhaer's mixture 1 (Mollenhaer, 1964) endogenous rate of NADPH oxidation catalysed by microsomal membranes. Various compounds were tested; they included cytochrome ligands. other inhibitors of electron transport, a radical scavenger and a compound competitive with NADPH (Table 1 ). Significant inhibition was obtained only with CO. Treatment with CO was therefore used regularly in the preparation of solutions for transhydrogenase assay, and this greatly improved reproducibility.
The sensitivity of the Perkin-Elmer 356 spectrophotometer, operating in the split-beam mode, and its efficient optical system, which allows it to deal with high background absorbance resulting from the presence of membranes, allows membrane-bound transhydrogenase to be assayed satisfactorily. The reference cuvette contained all components except insulin, so that the air-oxidation of NADPH (catalysed by microsomal oxidase and by GSH+ glutathione reductase) is automatically corrected. The activity is linear with membrane concentration for values up to 0.5mg of membrane protein/ml (Fig. 1) . At 1 mM-GSH, the Km for insulin is 29,UM (Fig. 2) . The fluorimetric assay also gave satisfactory results, but is less convenient, as each assay requires the monitoring of four cuvettes, and the rate of change in fluorescence intensity cannot be simply converted into absolute units of enzyme activity.
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The Biochemical Journal, Vol. 159, No The activities of various microsomal preparations were compared. Rough and smooth microsomal fractions are very similar in specific activity, with the rough microsomal fractions slightly the more active ( Table 2 ). The presence of ribosomes in roughmicrosomal preparations was confirmed by determination of RNA (Table 2) and by electron microscopy (Plate 1). Treatment ofrough microsomal fractions with EDTA produced a very slight rise in transhydrogenase activity. EDTA treatment has been shown to degranulate rough microsomal membranes (Williams et al., 1968; Blyth et al., 1971) , and thiswas confirmed by determination of RNA and by electron microscopy ( Table 2 , Plate 1). By the same criteria, dialysis in the absence of EDTA had no degranulatory effect and very little effect on enzyme activity.
Glutathione-insulin transhydrogenase and protein disulphide-isomerase
Transhydrogenase andisomerasewere both assayed on the same rough and smooth microsomal preparations, and the influence of incubation with EDTA on each enzyme was studied. As shown above, transhydrogenase is of comparable activity in rough and smooth microsomal membranes and is not greatly affected by incubation with EDTA; by contrast isomerase is substantially less active in rough membranes than in smooth, but may be activated 2-3-fold by incubation with EDTA (Table  3 ) (Williams et al., 1968; Williams & Rabin, 1969) . Transhydrogenaseandisomeraseactivitiesofrough microsomal fractions were assayed in the presence of various concentrations of deoxycholate; small volumes of 1 or 5 % (w/v) sodium deoxycholate were added to membrane preparations to give final detergent concentrations up to 0.5%, and the preparations were then assayed directly. Fig. 3 shows that isomerase is inhibited significantly by very low (<0.05 %) concentrations of deoxycholate, glutathione-insulin transhydrogenase Total microsomal samples (0.4mg/ml) were used. Other conditions were as described in the Materials and Methods section. One unit of enzyme activity catalysed the fdrmation of 1 mol of GSSG/min. Table 2 . Glutathione-insulin transhydrogenase activitiesandRNA/proteinratiosofvariousmicrosonalpreparations Activities and RNA/protein ratios were determined as described in the Materials and Methods section with enzyme assayed at 25°C. Activities for Expts. 1 and 2 are expressed relative to that of the rough microsomal sample (1.55 and 1.98munits/mg respectively). For Expts. 3 and 4 they are expressed relative to the corresponding 'dialysis control' sample (1.70 and 0.68munits/mg respectively). Preparations of rough, smooth, EDTA-tteated and 'dialysis control' membranes are described in the Materials and Methods section.
Expt. (Ansorge et al., 1973) .
Tho ncrosomal fraction contains fragments of plasma mnmbrane, and this might be thought to be a likely lwation for an enzyme involved in insulin degradation (if that is the geuaine physiologicl role of the transhydrogenase). However, the enzyme is present in both rough and smooth microsomal fractions (Tables 2 and 3) , and the rough mierosomal membranes are isolated by centrifugation through a sucrose solution of density 1.18 g/ml, so that they are unlikely to contain elements ofplasma membrane. This finding supports the conclusion of Varandani (1973a,b) that the majority of rat liver GSH-insulin transhydrogenase is located in the endoplasmic reticulum. Preliminary experiments on microsomal subfractionation by using zonal centrifugation in continuous sucrose gradients show that the distribution of glutathione-insulin transhydrogenase is quite different from those of plasma-membrane markers (alkaline phosphatase, 5'-nucleotidase) and corresponds closely to thow for classical endoplasmic- Activities of GSH-insulin transhydrogenase and protein disulphide-isomerase in microsomal membranes may be affected by the ease of access to active sites of the high-molecular-weight substrates insulin and randomly reoxidized ribonuclease. For this reason we investigated the effects of the detergent deoxycholate; at 0.05% deoxycholate, microsomal membranes become permeable to macromolecules, including proteins, and at 0.5% deoxycholate they are completely solubilized (Kreibich & Sabatini, 1973) . The data (Fig. 3) show that deoxycholate has very little effect on the transhydrogenase even at the highest concentration, but inhibits protein disulphide-isomerase markedly. Varandani (1973a) found that Triton X-100 activates membranebound GSH-insulin transhydrogenase.
The differences in response to deoxycholate and those shown in Table 3 suggest that GSH-insulin transhydrogenase and protein disulphide-isomerase activities are not functions of the same enzyme. The simplest explanation is that distinct enzymes are involved (although it is conceivable that a single enzyme is operative but that one substrate, randomly reoxidized ribonuclease, makes more stringent demands on the active site than does the smaller substrate, insulin). However, the work described here does not prove that two quite distinct thiol protein-disulphide oxidoreductases are present in rat liver microsomal membranes, one entirely responsible for protein disulphide-isomerase activity and the other for GSH-insulin transhydrogenase activity. Two enzymes with different but overlapping specificities could account for the data, and perhaps more catalytic species are involved. The following paper (Hawkins & Freedman, 1976) describes an examination of this question by purification of a protein disulphide-isomerase from ox liver.
